Catalytic activities of active carbon (A.C.) supported group 8-10 metals catalysts for vapor phase carbonylation of methanol were found to be in the order as follows: Rh>Ir>Ni>Pd>Co>Ru>Fe. A plot of the relation between the catalytic activity and the affinity of the metals for halide ion displayed a volcano shape.
Introduction
Carbonylation of methanol to form acetic acid was processed industrially, using catalysts of carbonyl complexes of cobalt1) or rhodium2) and iodide promoter in the liquid phase. Recently, it was claimed that nickel carbonyl or other nickel compounds are effective catalysts for the reaction, at low pressures, as low as 30atm3),4). For the rhodium catalyst, the conditions are fairly mild excellent (99% based on methanol). The process, however, has the disadvantages in that the proven reserves of rhodium are quite limited, both geographically and quantitatively, and that the reaction medium is highly corrosive.
It is highly desirable, therefore, to develop a vapor phase process that does not involve corrosion problems, by utilizing a base metal catalyst. The authors have reported already that nickel on active carbon (Ni/A.C.) exhibits excellent catalytic activity for the carbonylation of methanol and its derivatives, at low pressure and in the presence of methyl
In the present paper some of the features of metals supported on A.C. catalysts for methanol carbonylation will be reviewed. Also, the effects of hydrogen in CO, removal of which requires cost, are studied, finding that a small amount of hydrogen accelerates markedly the carbonylation reaction.
Experimental
Catalysts were prepared by impregnating a commercially available granular active carbon (Takeda Shirasagi C, charcoal base, activated with steam, specific surface area 1200m2/g, particle size 20-40mesh) with metal nitrates and chlorides in aqueous solution. 
The "Activity" shown in Fig. 2 is defined as the reciprocal of temperature where rAcOH is 10h-1, which are defined by Eq. (5).
tion of metal chloride, and ON is the oxidation number of the compound.
Plotted in Fig. 2 are the catalytic activity as a function of the affinity defined by Eq. (6) . The plot showing the relation between the activity and the affinity takes a volcano shape.
The reaction mechanism of methanol carbonylation with rhodium complex in liquid phase was suggested2). The vapor phase carbonylation can be discussed on the basis of similar mechanism as follows:
The first step is the oxidative addition of CH3I promoter to the active site
The subsequent steps include insertion of CO to the methyl group (Eq. (8)) and methanolysis of the intermediate to yield the product and active site (Eq. (9)).
With the metals located on the left hand side of the maximum in Fig. 2, i. e., Ru, Pd, and Rh, the oxidative addition of methyl iodide to the metal should be conducted slowly because of their weak affinity for halide ion. This step should determine the rate of methanol carbonylation and lead to a high reaction order (close to 1.0) with respect to methyl iodide.
On the other hand, the rate of oxidative addition should be relatively high for the metals located on the right hand side of the plot in Fig. 2 , since they have strong affinity for halide and tend to suppress the adsorption of other reactants which could retard other steps. Stronger the methyl iodide is adsorbed, therefore, the lower the activity.
Metals with high affinity for halide should exhibit low order of reaction with respect to methyl iodide; this is in agreement with the value of 0.1 for the Ni/A.C. catalyst6)7). Shown in Fig. 3 are the experimental results over a variety of metals supported on A.C. The results were those at steady state.
All metals showed carbonylation activity, while A.C. gave only DME9)10). Main products were AcOMe and DME and minor products were AcOH, methyl formate, methane and carbon dioxide.
Tin, lead, manganese, and copper gave carbonylation products (AcOMe and AcOH) at yields higher than 5%. Turnover rate of Pb/ AC. was 20.1mol of carbon-
reached steady state soon after the reaction started.
This observation, along with the results of XRD, suggests that reduced metal is the active species of the methanol carbonylation11).
Operational
Factors As shown later, DME and AcOMe are converted successively to AcOMe and AcOH, respectivel y13), 14) . A high reaction temperature should accelerate the successive reaction.
Product yield as a function of reaction pressure are shown in Fig. 6 . Conversion of methanol increased remarkably at high pressure6). The yield of AcOMe, which is the main product in lower pressure range, decreased at pressures above 20atm, and that of AcOH increased with a rise in the reaction pressure.
Because of the large reaction heat of methanol carbonylation (-29.4kcal/ mol of CO in the gas phase), temperature in the This suggests that some reactants retard the reaction.
This will be discussed later.
Shown in Fig. 7 As a whole, the path of reaction from methanol to AcOH could be described as follows: (10) Rate parameters of all unit reactions shown in Eq. (10) were determined by a differential reaction technique and are summarized in Table 1 for the Ni/A.C. catalyst7).
For formation of methyl acetate, the reaction orders with respect to methyl iodide, methanol and carbon monoxide are 0.1, 0.6 and 0.7, respectively, which are remarkably different from those for the rhodium catalyst (1.0, 0 and 0, respectively)6).
The low reaction order with respect to methyl iodide is consistent with the strong affinity of halide anion for nickel8). The computer simulation, based on the rate equations, was tried by use of the rate constants in Table 17 ). Fairly good simulation was achieved g atm3.7 for the feed ratio of CO/MeOH as 10/1 while simulaltion was quite poor for the feed ratio of CO/MeOH being 1/1. It is reasonable to assume that AcOMe, which shows a marked inhibitive effect on the carbonylation, might suppress the carbonylations of both MeOH and DME as well, attributed to its strong adsorption on the catalyst14).
The results of simulation employing the above correction factor are illustrated in Fig. 12 with experimental data measured in the multi-stage reactor7). Thus, remarkable improvement in the agreement of calculated data with the experimental data was attained for the two experimental runs. It seemed to suggest that the inhibition by AcOMe is not a problem when the feed ratio of CO/MeOH is comparatively high.
Effect of Hydrogen on Carbonylation Activity
Shown in Fig. 13 are the changes in the activity of group 8-10 metals, by addition of hydrogen, which are separated into two groups16). The activity of carbonylation increased on Co, Ni, Rh and Ir, whereas it decreased on Pd, Ru and Pt. The difference in effects of H2 among these catalysts are interpreted as follows: the most important feature of these metals is that the metals in the former group have strong affinity for halogen, as shown above, and that the metals in the latter group have weak affinity.
Under reaction conditions, metals with weak affinity for halogen can be easily reduced by H2 to metallic state, thereby losing its activity for carbonylation.
On the other hand, the strongly adsorbed MeI or halogen-containing compounds retard the reaction on the latter group metals with strong affinity.
Hydrogen deprives the excess halogen from the metal surface to produce vacant sites on which reactants such as MeOH and CO could be adsorbed. As a result the total carbonylation rate is accelerated. The nickel on active carbon catalyst shows high activity for the methanol carbonylation, irrespective of the precursor of nickel, the many additives and the pretreatments, such as calcination in air or reduction in hydrogen, or the preparation method5),17). The addition of hydrogen, however, in the feed gas caused a drastic increase in the activity18).
The effect of the H2/CO ratio is shown in Fig. 14 . The yield of AcOH increased with increase in the H2/CO ratio.
Although the high pressure of H2 is responsible for the increase in CH4 yield, it suppresses the formation of DME and CO2, at the same time.
The reaction network from MeOH to AcOH on Ni/A.C. catalyst has been proposed as defined in Eq. (10) . Some experiments have been conducted to clarify which one of the reaction pathways is promoted by the added hydrogen. The results showed that either the reaction pathway 1 or 6 in Eq. (10) is promoted by added hydrogen.
Rate equation of formation of AcOMe from methanol was determined by using differential type reactor, as shown in Fig. 15 . For each experiment, the rate itself is higher by about 2 times in the presence of hydrogen19). The characteristics of the reaction order are that the order with respect to MeI is lower, and that to MeOH is higher, for hydrogen free system. It suggests that the reductive elimination step is promoted by hydrogen.
While the promoting effect of deuterium on the carbonylation reaction was comparable to that of H2, only a few deuterated products were formed (Table 2 ). These findings exclude the direct H2 interactions with active Ni complexes, in particular, with respect to the formation of CH416).
From these findings the promotion effect of hydrogen can be attributed to hydrogenolysis of NiO particles, leaving Ni[0] particles that more easily react with CO than with Ni[II]20). Supported Ni[0] particles are supposed to react with CO to form subcarbonyls or Ni(CO)4. Their surface, or gas phase diffusion, probably affects an active metal dispersion on the catalyst surface. Thus, the promotion of the carbonylation reaction occurs as a result of an increase in the number of It is clear from the figure that the activity is fairly stable for several hundreds of hours21). The half life of the catalyst activity was calculated as 42 days from the curve fitting shown in the figure.
It was found that the decrease in activity was not caused by the elimination of nickel by carbonyl formation but by the decrease of surface area by covering of catalyst surface with tarry materials (Table 3) . 
Summary
The following conclusions are obtained on the vapor phase carbonylation of methanol on carbonsupported metal catalyst. 1) Group 8-10 metals supported on active carbon showed catalytic activity for the title reaction. The order of activity was; Rh>Ir>Ni>Pd>Co> Ru>Fe.
The order was explained in terms of affinity of the metals for halide ion.
2) The vapor phase carbonylation of methanol to acetic acid on group 8-10 metal supported on active carbon was greatly enhanced by gaseous hydrogen when the metal has strong affinity for halogen, whereas, it was inhibited on such metal having weak affinity.
Especially, the performance of the nickel catalyst in the presence of hydrogen is excellent, comparable to that of rhodium catalyst.
3) A variety of metal species of group 5-16 such as V, Cr, W, Mn, Re, Cu, Cd, Ga, Ge, Sn, Pb and Se, exhibited catalytic activity for vapor phase carbonylation of methanol only when the metals were supported on active carbon. 4) Nickel on AC. catalyst is found to be active and stable for acetic acid synthesis from methanol and carbon monoxide.
High pressure and high CO/ MeOH ratio is advantageous for both the methyl acetate and acetic acid synthesis.
The reaction path was clarified as follows: DME (Ac2O)
5) The process with nickel catalyst has many advantages as compared with those over rhodium or iridium catalysts, such as low initial cost of catalyst and abundance of metal resource.
